Heat capacity of polyglycolide, polY(E-caprolactone), poly(ethylene terephthalate), poly(ethylene sebacate), polyglycine, poly(L-alanine), poly(L-valine),nylon 6, nylon 6.6, ~~LnY!9!1 §J~j~x~~~\V_~ __ ontheQ~sis Qfmeasurern~ntR on 35 samples_reported in theliterature. All heat capacity data are compiled and a set of recommended data have been derived for each polymer. Crystallinity dependence is critically evaluated for poly(ethylene terephthalate). Enthalpy and entropy functions are calculated for amorphous poly-(ethylene terephthalate). This is the eighth paper in a series of publications which will ultimately cover all heat capacity measurements of linear macromolecules.
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Introduction
This is the eighth paper in a series of discussions on the heat capacity of linear macromolecules. In the earlier papers,I-7 the heat capacity of selenium, polyethylene, polypropylene. polystyrene and various types of polyoxides. acrylic polymers, and other carbon backbone polymers have been analyzed. In this paper polyesters and polyamides for which heat capacity data are available have been analyzed. These are polyglycolide, polY{E-caprolactone}, poly(ethylene terephthalate), poly(ethylene sebacate), polyglycine, poly-(L-alanine), poly(L-valine), nylon 6, nylon 6.6, and nylon 6.12. In the last paper in this series the analysis of heat capacities of aromatic and inorganic polymers will be reported. Table 1 . 9 ,47,48 The ester group is directional, and successive units can be introduced into the polymer so that all point in one direction or, in alternating directions. The first type of polymer is polar and can be obtained on polymerization of a hydroxy acid or the corresponding lactone. The second polyester is nonpolar and the polymerization can be thought of as involving the reaction of a diacid with a glycol.
The first and the fifth members of the series of polar, unsubstituted aliphatic polyesters are polyglycolide and polY-E-caprolactone. Chatani et aZ. 8 , 47 have reported crystal stuctures of both, polyglycolide and polY-E-caprolactone. Polyglycolide crystals contain planar zig-zag chains in an arrangement different from all three polyethylene structures. 47 Increasing the number of CH 2 groups per ester group must naturally lead to crystal structures similar to polyethylene. Poly-c-caprolactone already comes close to the polyethylene structure. 8 Equilibrium melting parametersofpolyglycolide and poly-c-caprolactone have been established by Wunderlich. 9 Their crystal structures and related properties are listed in Table 1 .
Poly(ethylene terephthalate) is the simplest polyester with a phenylene group within its backbone. Its crystal -struct-ure-is-practically-fully extende<t---The--ester-groups aretilted about 12° out of the plane of the benzene rings and the CH 2 -CH 2 sequence is rotated about 20° out of the transconformation, less than in the aliphatic polyesters of sufficiently long CH 2 sequences. Fakirov et al. 10 have recently redetermined the complete unit cell parameters. These are listed in Table 1 
Literature Data on Heat Capacity of Polyesters
Twenty investigations have been reported in the literature on the heat capacity of various types of polyesters. Heat capacities of over 40 samples have been measured over wide ranges of temperature.
All·investigations-were-criticallyevaluated-in-terms "of sample characterization, experimental technique used, error limits. and accuracy of representation of data. It was found that only 9 of the 20 investigations met our standards of acceptable data (discussed in Ref. I). These investigations are discussed in the following Sec. 2.3. Heat capacity data on 25 samples of four types of polyesters are treated. Eleven investigations which did not contain acceptable data were not included in further analysis. These are listed in Table 2, along with brief commets on the reasonS for exclusion from this study. Heat capacity, data reported from 200 to 400 K for poly(ethylene terephthalate)water system (water concentration 0.72-2.34 g/lOO g of polymer). Heat .capacity_ of poly-(ethy~ene .. :tereph.thalateJ. was found to be insensitive to the water content.
Heat capacity reported for filled .2.ligomeric poly(ethylene glycol adipate). Mn = 2000 in the crystallization and and mel ting regions.
lieat capacity of poly(ethylene terephthalate) was measured using high speed thin foil calorimetry (Heating rate 30,000 deg/min). The data are associated with large error limits.
Heat capacity data reported for a commercial sample of crumbled aluminized poly(ethylene terepht!"talate).
Heat capacities reported for oligomeric poly(hexamethylene sebacate) (DP = l,2,3).
Heat capacity data reported for oligomeric poly(butylene adipate) Mn = 1770 in the crystallization and melting regions. Bair et al. (1976) --{-21-:1
Heat capacity reported for poly(butylene -te.r.e.ph tha1at:.e-)--s em icr.y.s.tal..l-ine---fw.L.i'-O-.-3 I.}. from 290 to 515 K in the glass transition and melting regions. Ito et al. (1978) [22]
Heat capacity reported for amorphous poly(ethylene terephtha1ate} at 320 K as a fUnction of annealing below the glass transition temperature.
Recommended Data on Heat Capacity and Thermodynamic Functions of Polyesters
Polyglycolide
Only one investigation 23 . 24 has been reported in the literature which deals with the heat capacity of polyglycolide. Details' of this investigation are given in Table 3 . The heat capacity of this samp1e ha.~ been measured over the temperature range from 13 to 550 K. The data are given in Table Al .
Table Al has been deposited with the Physics Auxiliary
Publication Service of the American Institute of Ph; 'Q, Since only one set of heat capacity data for a sample Wlm crystallinity 0.67 is available, only the recommended data for the heat capacity of semicrystalline polyglycolide (W C = 0.67) from 0 K to the glass transition temperature (318 K) and of molten polyglyeolide from 318 to 550 K have been derived.
To determine the recommended data for semicrystalline polyglycolide (W C = 0.67) from 0 to 250 K. the authors' data were interpolated using the spline function technique to obtain heat capacity values are every 10° interval. These rec- ommended data are listed in Table 4 . The measured heat capacity values from 260 to 300 K are somewhat higher, because they are associated with the beginning of the glass transition. The data from 260 K up to Tg (318 K) were determined by linearly extrapolating the data below 250 K. The heat capacity values from 200 to 250 K were curve fitted into the equation The rms deviation was 0.3%. Equation (1) was used to evaluate the recommended heat capacity of semicrystalline polyglycolide from 260 to 318 K. These values are listed in Table  4 and plotted in Fig. 1 . The recommended data on the heat capacity of molten polyglycolide were determined by curve fitting the data on sample 26 at 501 and 550 K into the equation Equation {2} was used to evaluate the heat capacity of molten polyglycolide from 318 to 550 K. These values are listed in Table 5 and plotted in Fig. 1 .
POIY(E-caprolactone)
Only one investigation 25 has been reported in the literature which deals with the heat capacity of polY(E-caprol~lC tone). Details of this investigation are given in Table 6 . The heat capacity o( one sample has been measured over the tem-IX'raturc range from 10 to 350 K. The data on this samplc arc given in Table A2 . Table A2 has been deposited with the Physics Auxiliary Publication Service of the American Insti--ttiteof Physics. -Since oiilyone se:Cofheafcapacity data of polY{E-caprolactone). with crystallinity of 0.16 is available, only the recommended data for the heat capacity of semicrystalline poIY(E-caprolactone)(w C = 0.76) from 10 K to the glass tr~sition temperature (209. K) . and of molten polY(E-caprolactone) from 209 to 350 K have been derived.
To determine the recommended data for semicrystalline polY(E-caprolactone) (W C = 0.16) from 0 to 200 K, the authors' data were interpolated using the spline function technique to obtain heat capacity values at every 1 0° interval. These recommended data are lisied in Table 7 and are plotted in Fig. 1 .
The recommended data on the heat capacity of semicrystalline polY(E-caprolactone) at the glass transition temperature were determined by curve fitting the data on sample 27 froxp. 150 to 200 K irito the equation
The fillS deviation was 0.1 %. Equation (3) was used to evaluate the heat capacity of semicrystalline· polY(E-caprolactone) at 209 K. ThiS value is listed in Table 7 .
The recommended data 'on the heat capacity of molten polY(E-caprolactone) were determined by curve fitting the data on sample 21 at 342 and 350 K into the equation Table 8 and are plotted in Fig. 1 .
Poly(ethylene terephthalate)
Six acceptable investigations 2 6-31 have been reported in the literature which deal with the heat capacity of poly(ethylene terephthalate). Details of these investigations are given in Table 9 . The heat capacities of25 samples have been measured over the temperature range from 1.2 to 590 K. The data on these samples are given in Tables A3 to A6. These tables have been deposited with the Physics Auxiliary Publication Sel·vicc:: of thc:: AlIlc::rican Institute of Physics. The heat capacity of various poly(ethylene terephthalate) samples at temperatures below 10 K are given in Table A3 . The data on samples below and above the glass transition are given in Tables A4 and A5 , respectively. Finally, the data on molten poly(ethylene terephthalate) are given in Table A6 . All measurements are either on semicrystalline samples with low crystallinity (samples 1,2, 10--14, 16-:22, and 24) or completely amorphous samples (samples 6, 8, 9, 15, 23, and 25) . Thus, the calculation of the heat capacity of completely crystalline poly(ethylene terephthalate) from crystallinity extrapolationsusing the two phase model cannot be made safely.
The heat capacity of three drawn poly(ethylene terephthalate) (samples 3, 4, and 5) have also been reported by Smith et al. 26 These samples give higher heat capacity values than those that have not been under any strain. Therefore, these three samples are not included in the analysis of the heat capacity data for poly(ethylene terephthalate).
To determine the recommended values of heat capacity of amorphous poiy(ethylene terephthalate) below 10 K, the data on samples 8, 9, and 15 were averaged at each temperature and cu~e fitted into the equation
The rms deviation was 2.0%. Equation (5) was used to calculate the recommended values of heat capacity of amorphous poly(ethylene terephthalate) from 1.2 to 10 K. These values are listed in Table 10 .
An attempt was made to calculate the heat capacity of crystalline poly(ethylene terepbthalate) below 10 K by extrapolating the data in Table A3 with respect to crystallinity. It was found that the heat capacity of semicrystalline samples does not vary linearly with crysta11inity. This situation seems to indicate that heat capacity of semicrystalline poly(ethylene terephthalate) does not depend only on the crystallinity. Only two samples (sample 23 and 24) were available to give the heat capacity data between 12 to 25 K. Since these reported data had to be retrieved from too small graph, they are not very reliable.
From 30 to 120 K, Roinishvili'sdata 27 on amorphous sample were used as recommended data for this region because no other data were available.
To determine the heat capacity of completely amorphous poly(ethylene terephthalate) above 130 K and up to Tg (342 K) the data at each temperature from 240 to 330 K from samples 1, 2, 6, 19-25 were plotted as a function of crystallinity. Plots of we vs C" at several temperatures are Equation 6 Equation 7 Equation 8 Equation 9 Graph Graph Equation 10
Equatio'n 11 Equation 13 Equation 14 Equati0;z:t 15
Equation 16 Graph Graph Graph Table   Table   Table Table Eq. 10 C p 6.26 x 10-5 T3 J g -l K-1
Eq. 11 C p 6.82 x 10-5 T3 J g-1 K -1
Eq. 12 C p = 5.80 )( 10-5 T3 J g-I K -1
Eq. 13 C 5.39 P x 10-5 T3 J g -I K -1
Eq. 14 e p = 3.76 x 10-5 T3 J g -l K -1 bq. 15 C '" P (i.05 x 10-5 r3 J g-l K -l
Eg. 16 C p = 7084 x 10-5 T3 J g-1 K -1 aEquation numbers correspond to the equations jn tahle 9.
giv.~n inF!g~.7..:Th~_~~!l1!~_9fth<? cry:s.~~lli~!~y_ ~JC!!:.~QlatiQns to obtain heat capacity of amorphous poly(ethylene terephthalate) are given in Table 11 . The heat capacity of amorphuus puly(t::thylt::nt:: tt::n:phthalatt::) frum 240 to 330 K, ubtained from crystallinity extrapolation, and the heat capacity data on sample 23 from 130 to 230 K were then further smoothed by curve fitted into the following equation:
C p = 6.6153.10 4 T-2 + 0.72042T + 8.3776 J mol-1 K-1 •
The rms deviation was 0.'%. Equation (6) was used to evaluate the heat capacity of amorphous poly(ethylene terephthalate) from 130 ~o 340 K. These recommended values are listed in Table 10 and plotted in Fig. 1 T.herms deviatiQUWas 0.9%-Lliqua.tion (7) was used_to_e~alu~_ ate the heat capacity of molten poly(ethylene terephthalate) from 350 to 590 K. These values are listed in Table JO and plotted in Fig. 1 . Enthalpy and entropy of amorphous poly(ethylene terephthalate) were calculated by numerically integrating the heat capacity data. These thermodynamic functions are listed in Table 10 .
Poly(ethylene sebacate)
Only one investigation 32 has been reported in the literat.urt:: which ut::als wit.h t.ht:: ht::at. capacity of poly(t::t.hylc:::m: se-bacate}. Details of this investigation are given in Table 1l . The heat capacity of one semicrystalline sample has been measured over the temperature range of 250 to 410 K. The data on this sample are given in Table 13 .
Since only one set of heat capacity data are available over a limited temperature, no further analysis of heat capacity data were made. linity "l vwiuul) ('CIUIX'l"tUH;l), Wunderlich and Dole (1958) [32] 3. Heat Capacity of Polyamides 
THERMODYNAMIC PROPERTIES OF POLYESTERS AND POLY AMI DES
Introduction
Polyamides derive from, all-carbon backbone polymers by occasional substitution of the amide group NHCO into
Heat Capacity of Polypeptides
Nine investigations 49 -57 have been reported in the literature which deal with the heat capacity of various types of polypeptides. Heat capacity data have been reported for various crystal forms of polyglycine, poly(L-alanine), and poly(L-valine). The heat capacities of 10 samples have been measured over a wide temperature range.· Details of these investigations are given in Tables 16, 19 Since all the measurements were made on polypeptides of different crystal forms and their mixtures, and only a few measurements are available, no recommendations are made for the heat capacity of polypeptides. Acceptable data on various types of polypeptides are presented in Tables 17, 18, [20] [21] [22] and 24 . The acceptable data are summarized in Fig.  3 . b The data on polyglycine (samples 11 and 12) are associated with large error limits (claimed uncertainty 8%). Since there are the only data available for polyglycine, these measurements were included in the discussion, but should be considered preliminary. Daurel et al. (1975) [ CHeat capacity data presented on a logarithmic plot. Retrieving data from a logarithmic plot increases the error by 2 -5%. 
aHeat capacity data presented on a logarithmic plot. Retrieving data from a logarithmic plot increased the error by 2-5%. Nineteen investigations have been reported in the literature on the heat capacity measurements of various types of nylons. Heat capacities of 26 samples have been measured over wide ranges of temperature.
All investigations were critically evaluated in terms of sample characterization, experimental technique used, error limits, and accuracy of representation of data. It was found that only 7 of the 19 investigations met our standards of acceptable data (discussed in Ref. 1). The investigations are listed in Sec. 3.-3.2 which contains heat capacity data on 10 samples of three types of nylons. Fourteen investigations which did not contain acceptable data were not included in further analyses. These are listed in Table 25 , along with blit:f (;OIllIllt:lll~ 011 lht: rt:a:suns fur exclusiun for this study.
Recommended Data on Heat Capacity of Nylons
Nylon 6
Four investigations 62 ,71-73 have been reported in the literature which deal with the heat capacity of nylon 6. netaHs. of these investigations are given in Table 26 . The heat capacity of six semicrystalline samples has been measured over the temperature range from 70 to 600 K. The data on these samples are given in Table A 7 to A9. These tables have been deposited with the Physics Auxiliary Publication Service of the American Institute of Physics. The heat capacities of . various nylon 6 samples below and above the glass transition are given in Tables A7 and A8 , respectively. The data on molten nylon 6 are given in Table A9 .
The heat capacity data on various semicrystalline samples from 180 K to the glass transition show little or no dependence on the crystallinity (Table A 7 ). Thus crystallinity independent data cannot be derived for nylon 6 below the glass transition.
. The reconlmended data em the heat capacity of nylon 6 below the transition was determined by curve fitting the data on samples 1, 2, 3,4, 5, and 13 from 70 to 300 K into the equation
The rms deviation was 1.3%. Equation (8) was used to evaluate the heat capacity of nylon 6 from 70 to 313 K. These values are listed in Table 27 and plotted in Fig. 4 .
The re.c.ommended data on the heat capacity of molten nylon 6 were determined by curve fitting the data on samples 4, 5, and 13 from 500 to 600 K into the equation and plotted 
The fi 1m hos been i rradiated Id th C0 60 yradiation at 298 K, total dose 500 ~legrad hefore DSC analysis. in Fig. 4 :
The rms deviation was 2.2%. Equation (9) was used to evaluate the heat capacity of molten nylon 6 from 313 to 600 K.
These values are listed in Table 28 and plotted in Fig. 4 .
Nylon 6.6
Four investigations s9 , 73-7S have been reported in the literature which deal with the heat capacity of nylon 6.6. Details of these investigations are given in Table 29 . Heat capacity of five semicrystalline samples have been measured over the temperature range of 0.3 to 600 K. The data on these samples are given in Tables AlO to A13 Tables All and Al2 contain data on semicrystalline nylon 6.6 below and above the glass transition, respectively. Heat capacity data on molten nylon 6.6 are listed in Table A13. respect to crystallinity using the two phase model (discussed in Ref. 2). Since heat capacity data below 5 K are available only for two samples (W C = 0.36) and these data are in good agreement, the recommended heat capacity below 5 K have been derived only for semicrystalline nylon 6.6 (W C = 0.36).
At low temperatures (below 5 K) -the heat capacity of linear macromolecules shows a large dependence upon crystallinity. It is necessary to extrapolate the heat capacity with
The recommended data on the heat capacity of semicrystalline nylon 6.6 (we = 0.36) were determined by clirve fitting the data on samples 9 and 10 from 0.3 to 4~O K into the The rms deviation was 3.1%. Equation (10) was used to evaluate the recommended_ data from 0.3 to 4.0 K. These values are listed in Table 30 . The heat capacity data on various semicrystalline samples from 230 to the glass transition temperature show little or no dependence on crystallinity (Table All) . Thus, crystallinity independent data can be derived for nylon 6.6 below the glass transition.
The recommended data-on the heat-capacity-ofnyloI 6.6 below the glass transition were determined by curve fitting the data on samples 6, 7, and 14 from 230 to 310 K into the equation C p = l.I32T -8.28 J mol-l K-1 • (11)
The rms deviation was 1.4%. Equation (11) was used to evaluate the heat capacity of nylon 6.6 from 230 to 323 K. These values are listed in Table 31 and are plotted in Fig. 4 .
Recommended data on the heat capacity of molten ny-Ion 6.6 were obtained from authors' curve fitted equation on sample 14. These data from 323 to 600 K are listed in Table  32 and are plotted in Fig. 4 .
Nylon 6.12
Only one investigation 73 has been reported in the literature which deals with the heat capacity of nylon 6.12. Detailsof this investigation are given in Table 33 . The heat capacity of a semicrystalline sample has been measured over the tem-pera~u~~ range fr~m 230 to 6Q9 K.
The heat capacity of nylons shows little or no dependence upon crystallinity from about 100 K to the glass transition (see preceding sections). Thus, crystallinity independent, recommended data can be derived for nylon 6.12 below the glass transition.
Recommended data for nylon 6.12 below the glass transition and for molten nylon were obtained from the author's curve fitted equations for heat capacity of sample 15. These data are listed in Tables 34 and 35 and plotted in Fig. 4 . 
230-600
Experimental fe-chniqlie---(claimed uncertainty) and [73] ~~i~~~ lofg m-3 DSC (1%) aAu thor's curve fitted equation
Below Tg 230-:nO K: 1.628T -11.96 J mol-1 K-l (RMS dev. 1.1%)
Above Tm 510-600 K: 0.6038T + 529.81 J mol-lK-l (RMS dey. 0.2%) 
ConClusiOns
_ The heat capacities of polyglycolide, poly(£-caprolactone), poly(ethylene terephthalate), poly(ethylene sebacate), polyglycine, poly(L-alanine), poly(L-valine), nylon 6, nylon 6.6, and nylon 6.12 are reviewed on the basis of 35 measurements in the literature. A set of recommended data is derived for each polymer. Crystallinity dependence is critically evaluated for poly(ethylene terephthalate) and enthalpy and entropy functions are calculated for amorphous poly(ethylene terephthalate).
Recommended data on these polymers are being analyzed in terms of their chemical structure to derive heat capacities of various structural units towards an updated heat capacity addition scheme. 7 4-76 The results of this analysis will be reported at a later date.
Heat capacity changes at the glass transition, for polymers discussed in this paper, for which recommended heat The results of this analysis will also be reported at a later date.
